B-cell epitope peptide cancer immunotherapies. Cancer is a major cause of death in developed countries and world-wide, whereas in the USA cancer death is a close second to cardiovascular disease. The financial burden of this disease, and more importantly, the suffering it causes, is immense. There is an obvious and urgent need to speed the development and application of new, more efficacious anticancer therapies. The field of oncology is considerable and encompasses a number of indications. The current clinical landscape of immune-oncology (IO) since 2006, 3362 trials have been launched to test PD-1/PD-L1 monoclonal antibodies (mAbs) alone or in combination with other agents, and 2975 of them are still active as of September 2019 \[[@B1]\]. Although oncology continues to be one of the most active areas in terms of drug development, there is still a significant unmet need.

B-cell epitope vaccines have lagged behind in immunotherapeutic cancer strategies compared with T-cell vaccine attempts both in preclinical and clinical studies. There are only a few groups that have dedicated their research goals to advance B-cell epitope cancer vaccines. There are few if any reviews concerning B-cell epitope cancer vaccines except for our own reviews on the subject likely due to the paucity of research in this area as a majority of studies are focused on T-cell vaccines. I have summarized in a number of review articles our B-cell epitope cancer vaccine strategies on humoral immunity for the past two decades \[[@B2]\]. A more detailed review in Comprehensive Medicinal Chemistry III, Volume 6 (<http://dx.doi.org/10.1016/B978-0-12-409547-2.12422-9>) summarizes our work entitled '*Peptide-Based Cancer Vaccines and Therapeutics for Solid Tumors Overexpressing HER-1, HER-2, HER-3, VEGF and IGF-1R*.' The precise role of B cells in humoral immunity and in the tumor microenvironment is beginning to be appreciated as it relates to a better understanding of their functions, and to the design of new immunotherapeutic strategies \[[@B6]\]. An excellent article on B-cell epitope-based vaccination therapy by Kametani *et al.*, reviews the various strategies in this area of research and concludes that peptide vaccines that induce B-cell epitope-specific polyclonal antibodies may be useful against cancers that express high levels of antigens and that respond to passive antibody treatment \[[@B7]\]. A broad review on peptide-based vaccines in various diseases is summarized by Malonis and colleagues \[[@B8]\]. An excellent review on peptide materials for cancer immunotherapy discusses the various strategies being applied to the cancer landscape by Zhang and colleagues \[[@B9]\].

This article is not intended to cover a comprehensive assessment of the field of cancer vaccines or T-cell peptide vaccines in breast cancer and immunotherapy as there are numerous authoritative reviews that cover these topics in depth focusing entirely on T-cell vaccines, and immunotherapies with check point inhibitors. In this article, I hope to focus the readers and researchers in that there is an immediate opportunity to develop B-cell peptide-based epitope cancer vaccines reminiscent of vaccines for infectious diseases establishing a new urgent paradigm change for humoral immunity.

This article will summarize B-cell epitope-based vaccines for cancers that overexpress HER-2 in particular breast, colorectal and gastric cancers focusing exclusively on strategies to develop B-cell epitope vaccines for receptor tyrosine kinases (RTKs). I will discuss our more recent contribution in developing B-cell vaccines in IO with emphasis on checkpoint inhibitors (PD-1) and their combination with HER-2-based B-cell vaccines. In this article, I will briefly overview our HER-2 vaccine approaches from bench to the clinic and strategies to overcome resistance mechanism with development of other B-cell vaccines that could be used in combination. Finally, I will elucidate new IO strategies developing PD-1 B-cell epitope vaccines in combination with other vaccines (e.g., HER-2 vaccine).

Therapeutic cancer vaccines {#S0001}
===========================

Cancer vaccines targeting various antigens/oncogenes have been subject to a variety of strategies that include dendritic cell (DC) cell-based vaccines, peptide/protein vaccines, whole-cell, dendritic cell, and adoptive therapy, DNA and RNA vaccines and tumor cell vaccines. An excellent review by Hollingsworth and Jansen \[[@B10]\] summarizes the recent advances in the field of therapeutic vaccines. Therapeutic cancer vaccines have not provided clinical benefit except the ones targeting virus-associated cancers. Thus far, only a tiny handful of trials have shown significant impact for vaccines in patients with advanced cancer. Approval of the first therapeutic vaccine sipuleucel-T (Provenge by the FDA) for the treatment of prostate cancer \[[@B11]\] was obtained in 2010. The past failures of cancer vaccines are largely due, in part, to the fact that these trials have been conducted in severely compromised cancer patients who have received innumerable immune-suppressing chemotherapeutic regimens. Notwithstanding the complexity of the immune system, the intricate interplay within the tumor microenvironment, and an understanding of the depth of immune suppression and evasion which are just beginning to be appreciated may contribute to the successful design of future cancer vaccines. Additionally, cancer vaccines that have been tested in preclinical studies targeting tumor-associated antigens (TAAs), which are unmutated self-proteins overexpressed in tumor cells, thus necessitating breaking immune tolerance to elicit T-cell responses. The main hurdle that had to be overcome in developing peptide vaccines to TAAs is to 'break tolerance' through various methods such as strong adjuvants or repeated immunization. These strategies are further detailed in specialized reviews \[[@B12],[@B13]\]. Recently, mutation-derived antigens (neoantigens) have been identified and utilized as targets for cancer vaccines. The realization these neoantigens may be more immunogenic that the previously identified CD8^+^ cytotoxic T lymphocytes (CTLs) of TAAs has invigorated the T-cell vaccine landscape.

Peptide T-cell-based cancer vaccines have not delivered on the promise {#S0002}
----------------------------------------------------------------------

The development of peptide cancer vaccines has focused largely on strategies that induce cellular antitumor immune responses targeting CD8^+^ CTLs. Peptide-based cancer vaccines (comprehensively reviewed by Hirayama and Nishimura \[[@B14]\]) focused exclusively on CTLs epitopes identified by numerous predictive algorithms. Although these short peptides (9--10 amino acid) were able to elicit antitumor responses *in vivo*, their clinical benefit was largely ineffective in many Phase I and II clinical trials. More recently, the design of CD4^+^ T-helper cell vaccines has also been advanced to induce effective CD8^+^ antitumor responses. Long peptide vaccines (30 multimer) to include both helper and cytotoxic epitopes have also been proposed to be more effective immunogens than the CD8^+^ T-cell epitopes of 8--10 amino acid in length. The inclusion of CD4^+^ T-helper cell epitopes in the vaccine with longer peptides can provide some clinical benefit in a small number of cancer patients. There is an ongoing debate whether short peptides representing exact CD4^+^ or CD8^+^ T-cell epitopes should be used, or rather long peptides which need to be processed intracellularly before presentation on MHC molecules. Many of these peptide vaccines are undergoing clinical trials. T-cell cancer vaccines have been shown to have limited clinical impact despite being capable of generating human CD8^+^ T-cell responses to defined cancer antigens. The lack of effective T-cell-based peptide vaccines is likely due to the fact that these tumor-specific T cells were unable to cause regression and rejection of established cancers. A plethora of predictive algorithms to predict CTL epitopes (NetCTL.1.2; [www.cbs.dtu.dk/services/NetCTL/](http://www.cbs.dtu.dk/services/NetCTL/)) is an online server and a raft of software tools for predicting MHC (class I and II binders) are available to explore binding motifs (<http://cancerimmunity.org/resources/webtools/>). The recent advancements in the technological and bioinformatics fields enable computer-based approaches for rational design of peptide vaccines \[[@B15]\]. These predictive algorithms provide tools for identifying the best vaccine candidates. However, none of these algorithms has produced an effective T-cell-based peptide vaccine. The likelihood that single epitopes would be effective in a cancer vaccine is unlikely to be realized in the short term. A greater understanding of tumor immune suppression and failure of T-cell vaccination was provided by Allison and colleagues \[[@B16]\], who showed that blocking inhibitory checkpoint receptors on T cells could release limits on the activation and maintenance of T-cell effector function. Thus, the future development of successful cellular T-cell vaccines will likely depend on reversing tumor-induced T-cell dysfunction/exhaustion with agents targeting immune checkpoint blockade \[[@B17],[@B18]\].

Current approved therapies are not ideal & have certain limitations: a case for alternatives {#S0003}
--------------------------------------------------------------------------------------------

Over the past two decades, there has been a multitude of agents developed targeting oncogenic RTKs \[[@B19]\] and many of the FDA-approved therapies have been shown to exhibit significant toxicities \[[@B22]\]. There have been major advances in the treatment of HER-2-positive breast cancer since the introduction of FDA-approved anti-HER-2 mAbs: trastuzumab (Herceptin^®^ \[[@B25]\]), followed by pertuzumab (Perjeta^®^ \[[@B26],[@B27]\]). Combined trastuzumab and pertuzumab has been shown to be a more effective therapeutic strategy in preclinical studies \[[@B28]\] as well as in Phase III clinical trials. Trastuzumab-DM1 (T-DM1) is a novel chemistry-driven conjugated HER-2 mAb in which the trastuzumab is conjugated with a fungal toxin DM1 (maytansine) is FDA approved \[[@B29]\]. Fam-trastuzumab deruxtecan-nxki (Enhurtu; DS820100 is a recent antibody-drug conjugate comprising three components: a humanized anti-HER-2 IgG1 mAb with the same amino acid sequence as trastuzumab; a topoisomerase I inhibitor payload, an exatecan derivative; and a tetrapeptide-based cleavable linker has been granted an accelerated approval by the FDA (23 December 2019) for treatment of adult patient with unresectable or metastatic HER-2-positive breast cancer who have received at least two prior lines of anti-HER-2-based regimens in the metastatic setting \[[@B30]\].

Many of the FDA-approved humanized mAbs have improved patient survival significantly. The success of Herceptin has engendered the development of other therapeutic antibodies such as rituximab (humanize anti-CD20); cetuximab (chimeric anti-HER-1 antibody) and bevacizumab (humanized anti-VEGF) antibody. Many of these mAbs exert the effects through several mechanisms such as antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and complement-dependent cytotoxicity (CDC). More recently, the approval of several checkpoint mAbs such as nivolumab, pembrolizumab and atelozumab has created excitement in the field of IO.

Despite improvements and advances in current drugs treating metastatic breast cancer (MBC) many patients demonstrate disease progression and show problems of selectivity and efficacy, development of resistance and tolerability issues and unacceptable safety profiles that continue to hamper their clinical acceptance and remain a major therapeutic challenge. Novel combinations with improved clinical activity are therefore needed in patients with metastatic HER-2-positive breast cancer and represent an unmet clinical need. Thus, there has been an increasing demand for safer and newer immunotherapeutic approaches that exploits both the high specificity of vaccines targeting the adaptive immune response and the immunological memory.

Strengths of B-cell epitope peptide-based cancer vaccine {#S0004}
--------------------------------------------------------

The advantages of peptide approaches are summarized in [Table 1](#T1){ref-type="table"}. In general, synthetic peptides are safe, easily synthesized and characterized, and are cost-effective and lack of toxicity. There are several advantages of peptide vaccines (B- or T-epitope-based vaccines) and therapeutics over other cancer vaccine approaches. Active immunotherapy offers many advantages, including tumor specificity and the activation of immune responses against antigens that are selectively expressed by tumor cells. Additional advantages of chimeric B- and T-cell vaccines are exquisite specificity and the potential for a durable treatment effect that can be recalled due to immunologic memory \[[@B2]\]. Therapeutic peptides have been advanced as anticancer agents from basic research to clinical studies and eventually to the pharmaceutical market as they exhibit high selectivity and affinity \[[@B31],[@B32]\]. Peptide mimics, however, modulation of the immune system with peptide mimics as inhibitors could offer several advantages that might be complementary and potentially synergistic to mAb. To overcome the stability problem of the L-peptide inhibitors, retro-inverso D-amino acid peptides can be designed successfully to resist enzymatic degradation and represent potential therapeutic agents with long half-lives *in vivo* and even oral bioavailability \[[@B33]\]. The advantages and limitations of T-cell epitope vaccines have been extensive reviewed and addressed \[[@B39]\].

###### Advantages of B-& T-Cell Epitopes and Peptide Therapeutics.

  As peptide vaccines                                                                                As peptide therapeutics/T-cell vaccines
  -------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------
  Safe, nontoxic, highly stable, cost effective                                                      Safe and viable therapeutic goal
  Easily manufactured/synthesized/characterized                                                      Effective blocking signaling pathways
  Epitopes are easily identified and predicted                                                       High affinity, selectivity and potency
  Break tumor tolerance                                                                              Retro-inverso D-amino acid peptides are stable
  No oncogenic material included and minimal toxicity                                                Reduces off-target side effects
  Administered by simple routes s.c, im injections                                                   Large number of peptide-based drugs being marketed
  Multi-epitope approach leads to broad antigen recognition and universal coverage                   No accumulation in specific organs such as kidney and liver minimizing side-effects
  High affinity, high specificity, strong potency and improved safety profiles                       Increased bioavailability *in vivo*
  Booster vaccinations                                                                               Water soluble, non-immunogenic, low cost production, enhanced shelf life and to easily cross tissue barriers
  Elicits B and T cell memory responses                                                              MHC class I & II T cell epitopes easily identified
  Sustainable production of antibodies *in vivo*                                                     Induction of effective CD8 or CD4 T cell responses *in vivo* by targeting immune checkpoint blockade
  Clinical grade peptides easily synthesized for rapid translation into Phase I/II clinical trials   Easy monitoring of T cell responses

There are currently several mAbs approved for the treatment of cancers that work by targeting different receptors or immune checkpoint. mAbs-targeting immunologic checkpoints and especially the PD-1/PD-L1 axis provided spectacular results in cancer therapy in the recent years \[[@B40]\]. The disadvantages and limitations of present immunotherapies are summarized in [Table 2](#T2){ref-type="table"}. Highly specific and successful therapeutic mAbs have been developed for many disease indications. There are some disadvantages to antibody drugs, such as production cost, stability and immunogenicity. Humanized mAbs approved for treatment of several cancers are fraught with a number of concerns. Antibody-based immunotherapies have several limitations such as high production cost of the antibodies. Treatment is expensive and has a limited duration of action, necessitating repeated administrations of the mAb. The half-life of IgG administered intravenously can range from 5 to 21 days. Thus, repeated treatments are necessary; patients typically receive the mAb every week to 3 weeks. The repeated treatment with mAb raises the cost of passive immunotherapy with this mAb to US\$150,000 a year. Small molecules have begun to grow into another important treatment modality in this field, and have become an active research field in the cancer drug discovery in addition to antibodies, engineered cells and vaccines \[[@B41]\].

###### Disadvantages and Limitations of Present Immunotherapies.

  Humannized mAbs                                  Peptide therapeutics/T-cell vaccines                                                         Small molecule RTKs
  ------------------------------------------------ -------------------------------------------------------------------------------------------- -------------------------------------
  Poor penetration across tissues                  *In vivo* instability, short half-life                                                       Highly toxic, non-specific activity
  Ineffective tumor targeting                      Low bioavailability, susceptibility to proteases, formulation and manufacturing challenges   Serious side effects
  Half life 12 days -- requires weekly infusion    Class I MHC restriction limits relevance of individual peptides to certain HLA types          
  Large quantities of hmAbs resulting intoxicity   Peptides with low affinity for MHC may be poorly immunogenic                                  
  Treatment is very expensive                      Immune responses transient and/or of low magnitude                                            
  Cross-linking leads potential                    Large number of peptides required to be useful across a wide range of patients                
  Immunogenicity                                   Short peptides may bind directly to MHC which may induce tolerance                            
  Cardiotoxicity, GI perforation                                                                                                                 
  No immunological memory                                                                                                                        
  Treatment not a cure                                                                                                                           
  Resistance to targeted therapies                                                                                                               

GI: Gastrointestinal; mAb: Monoclonal antibodies; RTK: Receptor tyrosine kinase.

Neoantigens: the new kid on the block {#S0005}
-------------------------------------

Recently, attention has shifted to neoantigens. Targeting an individual's tumor-specific mutations is attractive because these peptides are new to the immune system and are not found in normal tissues. Compared with tumor-associated self-antigens, neoantigens elicit T-cell responses not subject to host central tolerance in the thymus and also produce fewer toxicities arising from autoimmune reactions to nonmalignant cells. Tumor-specific neoantigens are aggressively being explored as targets for personalized cancer vaccines. It has been reported that high mutational loads are strongly associated with increased tumor antigenicity (or immunogenic neoantigens) as well as high frequency of tumor-infiltrating lymphocytes such as CD8^+^ T cells. More recently, however, attention has shifted to neoantigens and the identification of neoepitopes to develop cancer vaccines has been suggested to hold great promise, but they have serious misgivings. It is a major challenge to develop cancer vaccines to neoantigens \[[@B42]\]. The promise, progress and challenges for improving neoantigen-targeted T-cell immunotherapies for cancer are discussed by Yamamoto *et al.* \[[@B43]\].

Immunotherapy makes a comeback: immune checkpoint blockade {#S0006}
----------------------------------------------------------

Current enthusiasm about cancer immunotherapy stems from the success of some agents targeting immune checkpoint molecules such as PD-1 and CTLA-4 \[[@B44],[@B45]\]. Recent advances in cancer immunology have documented the importance of T-cell-mediated antitumor immunity against human cancers, and inhibitory receptors expressed by T cells have become important targets for cancer immunotherapy. The development of humanized mAbs to checkpoint proteins to inhibit the suppressive effects on T-cell activity has provided the ability to induce prolonged remission in some patients with incurable solid and hematologic malignancies. Checkpoint inhibitor blockade with antibodies specific for CTLA-4 or PD-1 has shown remarkable clinical success in the treatment of cancer and demonstrated impressive activity across a broad set of cancer subtypes, even at advanced and metastatic stages of disease. While mAbs to CTLA-4 and PD-1/PD-L1 have produced remarkable and durable responses in a subset of patients, the majority of patients between 70 and 80% patients receiving anti-PD-1 therapy (nivolumab/pembrolizumab) remain resistant to monotherapy due to the complexity of resistance mechanisms and will not respond or will relapse, leaving a substantial unmet medical need. A plethora of reviews are available that summarizes the impact of checkpoint inhibitors on cancer vaccines which has now commandeered the oncology field \[[@B46],[@B47]\]. With complex mechanisms of resistance limiting the efficacy of checkpoint inhibitor monotherapy, it is critical to develop combination approaches to allow more patients to benefit from immunotherapy.

HER-2 is an attractive target for immunotherapy {#S0007}
===============================================

HER-2 is a 185-kDa protein and a member of the HER family of RTKs that includes EGFR (EGF receptor, erbB1), HER-3 (erbB3) and HER-4 (erbB4). HER-2 plays a major coordinating role in this network, since each receptor with a specific ligand seems to prefer HER-2 as its heterodimeric partner \[[@B48],[@B49]\]. HER-2 containing heterodimers potently amplify signaling because HER-2 reduces the rate of ligand dissociation, allowing strong and prolonged activation of downstream signaling pathways \[[@B50],[@B51]\], regulating cell growth and differentiation. This receptor plays a central role in the pathogenesis of several human cancers including breast, ovarian, renal, colon and lung carcinomas \[[@B52]\]. When overexpressed or mutated HER-2 forms homo- and hetero-dimers with other members of the EGFR family that results in the transduction of positive growth signals in a ligand-independent manner. HER-2 is amplified and overexpressed in about 20--30% of invasive breast cancers and overexpression is associated with aggressive disease and poor prognosis \[[@B57]\]. Thus, HER-2 is an attractive target for receptor-directed antitumor therapy.

Breast cancer is one of the leading causes of death around the world. In 2020, it is estimated by the American Cancer Society that 276,430 women will be diagnosed with breast cancer and 42,170 people will die as the consequence of this disease. The treatment landscape for MBC for HER-2-positive patients have a diverse number of regimens pioneered by use of humanized mAbs, mostly targeting RTKs such as the EGFRs (ErbB) and VEGF receptor (VEGFR) \[[@B58]\]. HER-2 overexpressing breast cancer represents about 20--30% of all breast cancer cases and is associated with markedly aggressive forms of cancer with a worse prognosis \[[@B57],[@B68]\].

HER-2 B-cell epitope peptide vaccines approaches: preclinical & clinical {#S0008}
========================================================================

Over the past two decades, we have been developing novel combination HER-2 peptide vaccines \[[@B71]\] that are safe, tolerable and efficacious. Extensive preclinical data conducted over two decades in our labs have established the strategy of engineering conformational B-cell epitope vaccines \[[@B75]\], designed to stimulate a patient's immune system to produce its own antibodies (natural) to a known and validated target for cancer such as RTK receptors. Our chimeric B-cell vaccines incorporating 'promiscuous' T-cell epitopes \[[@B79],[@B80]\], unlike T-cell vaccines can be used for all patient types irrespective of their 'haplotypes' an issue that impacts T-cell vaccines. Additionally, B-cell vaccines unlike T-cell vaccines are not dependent on inhibiting checkpoint inhibitors to enhance immune responses. The ensuing polyclonal Abs produce a more powerful antitumor effect that is long lasting and inhibits tumor recurrence.

Prediction of B-cell epitopes & computer-assisted approaches to rational design of peptide vaccines {#S0009}
---------------------------------------------------------------------------------------------------

The selection of candidate B-cell epitopes expressed on the surface of a known protein sequence can be accomplished by an in-house (Peptide Companion™, 5x.com) computer-aided analysis using six correlates of antigenicity reviewed by Kaumaya *et al.* \[[@B81]\]: The profiles of chain flexibility and mobility (Karplus and Schultz) \[[@B82]\]; hydropathy profiles (Kyte and Doolittle) \[[@B83]\]; hydrophilicity (Hopp and Woods) \[[@B84]\]; analysis of solvent exposure algorithm of Rose *et al.* \[[@B85]\]; protrusion indices (Thornton *et al.*) \[[@B86]\]; antigenicity (Welling *et al.*) \[[@B87]\]. The best scoring epitopes were further ranked by correlation with their secondary structural attributes; for example, an amphiphilic α-helical sequence or a β-turn loop regions are preferred over a random coil fragments. Computer programs by Chou and Fasman \[[@B88]\] and Novotny *et al.* \[[@B89]\] were used to predict the secondary structure (α-helix, β-strand/sheet, β-turn/loop, random coil) and α-helical amphiphilic moment. Finally, consideration was given to the individual amino acid sequence. Electrostatic ion pairs and helix dipole interaction in helical segment were also considered (e.g., hydrophobic/hydrophilic balance).

The recent advancements in the technological and bioinformatics fields enable computer-based approaches for prediction bioinformatics tools for epitope prediction \[[@B90]\]; A range of computational methods have been developed for predicting which of an antigen's residues are likely to form part of a B-cell epitope: computational prediction of vaccine potential epitopes and 3D structure \[[@B91]\]; an analysis of B-cell epitope discontinuity \[[@B92]\], B-cell epitope identification and production of neutralizing murine antibodies \[[@B93]\]; structural analysis of B-cell epitopes in antibody:protein complexes \[[@B94]\]. *In silico* peptide development approaches to predict B-cell epitope online analysis resource at IEDB ([www.iedb.org/](http://www.iedb.org/)) and <http://tools.immuneepitope.org/toolsElliPro/>.

Identification of HER-2 B-cell epitopes as potential vaccine candidates {#S0010}
-----------------------------------------------------------------------

Eight B-cell epitopes of HER-2 extracellular domain (ECD) were identified by antigenicity predictive algorithms (reviewed by Kaumaya *et al.* \[[@B81]\] in 2000). These peptide B-cell sequences were engineered with a measles virus fusion protein (MVF, amino acids 288--302) 'promiscuous' T-cell epitope as potential chimeric vaccines. A series of *in vitro* and *in vivo* studies identified two epitopes HER-2 (628--647) and HER-2 (316--339) \[[@B71],[@B72]\] as viable vaccines. MVF-HER-2 (628--647) elicited exceptionally high antibody titers that bind the native HER-2 protein as assessed by immunoprecipitation, flow cytometry and indirect ELISA and *in vivo* studies in transgenic mice demonstrated that the 628--647 epitope had the highest activity by eliciting antibodies able to cause ADCC as measured by lysing overexpressing cell lines BT474 and SKBR3. The vaccine was effective in preventing mammary tumors \[[@B71]\] in proto-oncogene (NEU) transgenic mice. Similarly, the MVF-316-339 elicited high-specific antibodies to the native HER-2 that caused inhibition of phosphorylation. The most effective combination vaccine HER-2 sequences 316--339 and 628--647 \[[@B72]\] elicited the highest titers and also caused the highest receptor downmodulation, similar to that produced by the control antibody HER-2 mAb L26, able induce a higher amount of IFN-γ in the presence of effector human peripheral blood mononuclear cell (PBMCs) compared with single epitope vaccines. The efficacy of the combo vaccine was shown by *in vivo* tumor protection in a BALB/c syngeneic model challenged with human HER-2 (RENCA/*lacZ*/HER-2). The most effective combination vaccine was found to be identified entirely serendipitously through our peptide strategy. It turns out later that these two sequences overlapped the pertuzumab- and trastuzumab-binding sites of HER-2. We initiated a Phase I clinical trial with a combination of these two peptides in 2002 at the Ohio State University Comprehensive Cancer Center.

Other B-cell epitope peptide HER-2 vaccines {#S0011}
-------------------------------------------

In 2003, the Wiedermann group in Vienna was also developing HER-2 peptide-based vaccines in similar fashion by computer-aided analyses that identified seven putative B-cell epitopes of HER-2 \[[@B95]\]. These peptide epitopes were coupled to tetanus toxoid and used for immunization in BALB/c mice. Among these peptides, immunizations with two single peptides or a combination of two peptides induced antipeptide antibody levels, primarily of the IgG1 isotype. It was confirmed that immunization with HER-2 peptides successfully induced humoral immune response with antitumor activity in an animal model. A Phase I clinical trial with an anti-HER-2 vaccine-construct of immune-potentiating reconstituted influenza virosomes with the three peptides in patients with MBC \[[@B96]\]. The HER-2 multipeptide vaccine was safe, well tolerated and effective in overcoming immunological tolerance to HER-2. More recently, Wiedermann group developed a new vaccine: three short single peptides (P4, P6 and P7) representing different HER-2 ECD B-cell epitopes fused as a single hybrid peptide P467 on either virosomes or to diphtheria toxoid CRM197 (CRM) \[[@B97]\]. The formulation P467-CRM-Montanide induced higher serum IgG antibody titers, compared with P467-CRM-Alum. Fusion of the B-cell peptides has led to additional generation of CD4 T-cell epitopes, and this P467-multiepitope vaccine was found to induce polyclonal antibody responses with antiproliferative capacity against Her-2/neu. The hybrid vaccine together with Montanide induced higher and long-lasting antibody levels, Th1-biased cellular responses being superior to vaccination with the single B-cell peptides. This vaccine formulation is now planned to be evaluated in a Phase Ib/II study in HER-2 overexpressing cancer patients (IMU-131 \[HerVaxx\]). Another group led by Mahdavi and colleagues \[[@B98]\] has also designed a discontinuous chimeric peptide representing B- and T-cell epitopes from subdomain III of HER-2-ECD following design principles we have advanced. The author's claim their findings can be applied for mAb production targeting the distinct epitope of HER-2 receptor compared with the two broadly used anti-HER-2 mAbs, Herceptin and Perjeta.

Other B-cell epitope approaches targeting VEGF & EGFR {#S0012}
-----------------------------------------------------

### VEGF B-cell vaccine {#S0013}

Wentink and colleagues \[[@B99]\] designed 3D-structured peptide mimicking the VEGF β5-turn-β6 loop-binding site of bevacizumab-elicited neutralizing antipeptide antibodies. Similar to our work in designing conformational VEGF vaccine, VEGF peptide mimics as well as combination VEGF + HER-2 vaccine by Kaumaya *et al.* \[[@B100]\], they demonstrated that structured B-cell epitope vaccine was superior to the linear unstructured peptides. This work is an independent proof and confirmation that B-cell epitope-based vaccines are often required to elicit high affinity polyclonal antibodies that are efficacious *in vivo*. This vaccine is currently being investigated in a Phase I clinical trial (NCT02237638) to demonstrate the potential to outperform anti-VEGF treatment strategies.

### EGFR-based vaccine {#S0014}

Using a mimotope approach, two peptides were identified and epitope-specific immunization has produced an effective anti-EGFR immunotherapy that can elicit the production of 'cetuximab-like' antibodies *in vivo* \[[@B104]\]. The two peptides are capable of mimicking the conformational structure of EGFR-panitumumab-binding sites inducing both humoral and cellular immune responses against EGFR, could serve as candidate vaccines for active immunotherapy against EGFR-positive cancers. Zhu *et al.* \[[@B105]\] targeting the dimer interface of EGFR in patients synthesized a chimeric peptide, comprising a linear B-cell epitope peptide from the highly conservative β-hairpin loop of dimer interface of human EGFR (EGFR 237--267) and a 'promiscuous' Th-cell epitope MVF from the MVF protein. These peptides were highly immunogenic, stimulated high production of antibodies in animal models, and significantly inhibited tumor growth in patients. The chimeric peptide immunization was able to significantly inhibit the growth of subcutaneously transplanted LLC cells in C57BL6 mice. Therefore, the MVF-EGFR 237--267 construct represents a promising candidate for active anti-EGFR immunotherapy and provides a novel targeting strategy for the anti-EGFR therapy.

### CIMAvax-EGF vaccine {#S0015}

Another group led by Garcia and colleagues in Cuba has designed EGF-based cancer vaccine (CIMAvax EGF^®^) conjugate of human recombinant EGF with the P64K protein of *Neisseria meningitides* (acting as a carrier protein) \[[@B106]\]. The vaccine was designed to induce specific anti-EGF antibodies with the Montanide ISA 51, as adjuvant. The vaccine induced antibodies against EGF that results in EGF withdrawal. CIMAvax-EGF has been demonstrated to be safe and immunogenic in advanced non-small-cell lung cancer (NSCLC) patients (reviewed by Saavedra and colleagues \[[@B107]\]). CIMAvax-EGF vaccine is an innovative immunotherapy that exerts its anticancer activity by inducing a B-cell response. Through an historic partnership with Cuba's Centro de Inmunología Molecular, or CIM, Roswell Park is helping to develop several innovative and potentially life-saving cancer therapies. The first of these new approaches to be available to US patients is CIMAvax-EGF, an immunotherapy for lung cancer.

Several clinical trial are ongoing to explore the combination of CIMAvax and anti-PD-1 antibodies. Final results from the first US clinical study of a Cuban immunotherapy show that CIMAvax-EGF, a treatment targeting a particular cancer survival protein, EGF, is safe and showed promising efficacy as part of a treatment combination with nivolumab (Opdivo) in patients with advanced NSCLC. The team reports that the combination of these two immunotherapies was safe and well tolerated. They observed promising efficacy in patients whose tumors have low PD-L1 expression and who would not, therefore, be likely to respond well to nivolumab alone. A Phase II study (NCT02955290) is ongoing at Roswell Park, NY, USA, now expanded to include two additional groups of participants as well as those with recurrent NSCLC: Patients with advanced, recurrent squamous-cell head and neck cancer, who will receive the CIMAvax-nivolumab combination. Patients with advanced NSCLC evidencing high PD-L1 levels, who will receive CIMAvax in combination with pembrolizumab (Keytruda^®^) as first-line or initial treatment for NSCLC. Nearly \$4 million in donations is funding Roswell Park's initial CIMAvax clinical trials. These studies are being conducted in collaboration with scientists from the CIM in Havana, Cuba, and innovative Immunotherapy Alliance, an historic biotech venture formed by Roswell Park and the CIM.

### From bench to clinic: first-generation HER-2 B-cell epitope Phase I clinical trial {#S0016}

An NCI-funded (CA84356), OSU cancer IRB approved (2001C0108) and FDA approved (BB-IND-9803) Phase I clinical trial with a combination of two HER-2 Chimeric B-cell MVF 316--339 epitopes and MVF 628--647 ([Figure 1](#F1){ref-type="fig"}) \[[@B108]\] emulsified with nor-MDP as adjuvant and ISA 720 vehicle successfully completed at the James Cancer Hospital. The trial evaluated the maximum-tolerated dose, safety profile and immunogenicity. Eligible patients with metastatic and/or recurrent solid tumors received three inoculations on days 1, 22 and 43 at doses of total peptide that ranged from 0.5 to 3.0 mg. 24 patients received three inoculations at the intended dose levels, which elicited antibodies able to recognize native HER-2 receptor and inhibited both the proliferation of HER-2-expressing cell lines and phosphorylation of the HER-2 protein. The maximum-tolerated dose was determined to be the highest dose level of 3.0 mg of the combination vaccine. There was a significant increase from dose level 1 (0.5 mg) to dose level 4 (3.0 mg) in HER-2-specific antibodies. Four patients (one each with adrenal, colon, ovarian and squamous cell carcinoma of unknown primary) were judged to have SD; two patients (one each with endometrial and ovarian cancer) had partial responses; and 11 patients had progressive disease. Patients with SD received 6-month boosts, and one patient received a 20-month boost. The combination vaccines were safe and effective in eliciting antibody responses in a subset of patients (62.5%) and were associated with no serious adverse events, autoimmune disease or cardiotoxicity. There was preliminary evidence of clinical activity in several patients.

![Preclinical second-generation conformational HER-2 peptides mimicking trastuzumab and pertuzumab-binding sites.](fon-16-1767-g1){#F1}

Peptide vaccine HER-2-binding sites {#S0017}
===================================

Preclinical second-generation conformational HER-2 peptides mimicking trastuzumab- and pertuzumab-binding sites {#S0018}
---------------------------------------------------------------------------------------------------------------

The x-ray structures of the HER-2-trastuzumab and -pertuzumab complexes \[[@B109]\] have led us to rationally design more effective HER-2 conformational epitope vaccines such as the trastuzumab-binding epitope (597--626) and the pertuzumab-binding epitope (266--296; [Figure 1](#F1){ref-type="fig"}) \[[@B112]\] with potentially increased efficacy for preventing and inhibiting tumor growth.

### Trastuzumab-binding conformational B-cell epitope {#S0019}

The 3D structure of the complex between human HER-2 and trastuzumab revealed that the region of HER-2-spaning residues 563--626 of the antigen-binding domain harbors a complex disulfide bonding pattern \[[@B109],[@B110]\]. The structure of soluble HER-2-trastuzumab Fab complex showed that the trastuzumab-binding region is located on the C-terminus of the HER-2 ECD domain IV and this complex buries 1350 Å^2^ of the HER-2 surface with three loops residues 579--583, 615--625 and 592--595. In order to minimally dissect the interacting region of HER-2 binding domain, four synthetic peptides having with different levels of structural flexibility were designed and synthesized ([@B75]). The interacting loops in subdomain IV comprise residues in **loop 1**: 579--583 (two disulfide pairings between C563--C576, and between C567--C584), **loop 2**: 592--595 (cysteine disulfide pairing between C587--C596) and **loop 3**: 615--625 (cysteine disulfide between C600--C623). Chimeric peptides incorporating the MVF 'promiscuous' T-cell epitope via a four-residue linker sequence were synthesized, purified and characterized. All conformationally restricted peptides were recognized by trastuzumab and prevented the function of trastuzumab-inhibiting tumor cell proliferation, with 563--598 and 597--626 showing greater reactivity. All epitopes were immunogenic in FVB/n mice with antibodies against 597--626 and 613--626 recognizing HER-2. The 597--626 epitope was immunogenic in outbred rabbits eliciting antibodies which recognized HER-2, competed with trastuzumab for the same epitope, inhibited proliferation of HER-2-expressing breast cancer cells *in vitro* and caused their ADCC. Moreover, immunization with the 597--626 epitope significantly reduced tumor burden in transgenic BALB-*neu*T mice. Thus, the trastuzumab-like MVF-597--626 epitope can be included in a combination therapy with the pertuzumab-like MVF266--296 epitope.

### Pertuzumab-binding conformational B-cell epitopes {#S0020}

The crystal structure of pertuzumab bound to the ECD of HER-2 elucidated the details of interacting region of residues 266--333 \[[@B111]\]. This structure provides a model in which pertuzumab sterically interferes with HER-2 dimerizing with other members of the HER family. We designed and studied the important binding sequences spanning residues 266--296, 298--333 and 315--333 to define the most biologically relevant conformational epitope that mimic the pertuzumab-binding conformational region for effective vaccination. We designed three conformational peptide constructs to mimic regions of the dimerization loop of the receptor and to characterize the *in vitro* and *in vivo* antitumor efficacy. Chimeric peptides incorporating the MVF 'promiscuous' T-cell epitope via a four-residue linker sequence were synthesized, purified and characterized \[[@B111]\]. All the constructs elicited high affinity antipeptide antibodies and all the antipeptide antibodies showed ADCC to varying degrees with the 266--296 constructs being equally effective as compared with trastuzumab. The MVF-266--296 elicited high-specific antibodies to the native HER-2 that caused inhibition of phosphorylation. The 266--296 peptide vaccine statistically reduced tumor onset in both transplantable tumor models (FVB/n and BALB/c) and significant reduction in tumor development in a transgenic mouse tumor model (Balb-*neu*T) confirming its validity to be included in a combination immunotherapy to be tested in a Phase I trial \[[@B113]\].

IND \#14633 (Kaumaya); NIH CA18902; Phase I active immunotherapy trial with a combination of two chimeric HER-2 B-cell peptide vaccine MVF-HER-2 (597--626; *trastuzumab-like*) and MVF-HER-2 (266--296; pertuzumab-like) emulsified in ISA 720 and nor-MDP adjuvant in patients with advanced solid tumors. Patients were immunized with the vaccine constructs emulsified with nor-muramyl-dipeptide adjuvant in a water-in-oil Montanide ISA 720VG vehicle ([Figure 2](#F2){ref-type="fig"}).

![Vaccination and Dose levels.](fon-16-1767-g2){#F2}

Eligible patients with metastatic and/or recurrent solid tumors received three inoculations every 3 weeks. The trial is a dose-escalating study consisting of four cohorts of six patients. Of the 49 patients with metastatic and/or recurrent solid tumors with a median of four prior lines of chemotherapy, only 28 patients completed the three vaccination regimens. No serious adverse reactions or dose-limiting toxicities were observed. The vaccine was well tolerated with dose level 2 as the recommended Phase II dose. The most common related toxicities in all patients were injection site reactions (24%). Two patients had a partial response, 14 had stable disease (SD) and 19 had progressive disease. Six patients received one 6-month boost, with one patient receiving as much as seven 6-month boosts. The study vaccine was safe, exhibited antitumor activity and showed preliminary indication that peptide vaccination may avoid therapeutic resistance and offer a promising alternative to mAb therapies. Given the initial promise, continuous development of the vaccine is ongoing in a Phase II trial at the suggested optimal biological dose (OBD) in a less heavily pretreated patient population in breast and/or gastrointestinal malignancies with HER-2/EGFR overexpression. The clinical data are summarized in the waterfall ([Figure 3](#F3){ref-type="fig"}). One HER-2-positive patient received seven 6-monthly booster vaccinations suggesting that B-cell vaccination does not result in resistance to therapy as is well documented for other HER-2 therapies. A majority of the patient antibodies showed potent antitumor activity (induction of ADCC and apoptosis, inhibition of proliferation and phosphorylation).

![Phase I clinical trial HER-2 combination vaccine (B-Vaxx).](fon-16-1767-g3){#F3}

While Herceptin and Perjeta have been approved for clinical use, patients often develop resistance to these therapies. This study of the combination of the two HER-2 B-cell peptide vaccines to safely deliver curative and transformative cancer immunotherapies to advanced cancer patients is a validation of the effectiveness of B-cell immunotherapy strategies. This is a new paradigm in immunotherapy that focuses on humoral responses based on vaccination with conformational B-cell epitope vaccines comprising two chimeric HER-2 B-cell peptide vaccines incorporating a 'promiscuous T-cell epitope.'

The vaccine works in innovative ways ([Figure 4](#F4){ref-type="fig"}) in which the peptide vaccine is given intramuscularly at 3 weeks interval. The T-cell epitope of the chimeric construct binds MHC class II directly without processing activating the T cell with cytokine release that helps the B cell to produce natural polyclonal antibodies that can bind the tumor cell.

![The B-cell epitope peptide vaccine works in innovative ways.](fon-16-1767-g4){#F4}

Other HER-2 clinical trials {#S0021}
---------------------------

Clinical trial NCT02795988: A study of IMU-131 (HER-Vaxx) and chemotherapy compared with chemotherapy only in patients with HER-2-positive advanced gastric cancer. Imugene Ltd, an Australian immuno-oncology company announced comprehensive clinical data results from the Phase Ib clinical study of its HER-Vaxx anticancer vaccine in gastric cancer patients overexpressing HER-2 target protein. Imugene Ltd's HER-Vaxx is a B-cell peptide cancer vaccine designed to treat tumors that overexpress the HER-2/neu receptor, such as gastric, breast, ovarian, lung and pancreatic cancers. This small study's data in 68 patients showed a 100% objective response rate in three patients who received the optimal dose of 50 μg.

Clinical trial *NCT02795988*: A study of IMU-131 (HER-Vaxx) and chemotherapy compared with chemotherapy only in patients with HER-2-positive advanced gastric cancer. The Phase Ib study aims to determine the safety and tolerability of IMU-131 and identify the Recommended Phase II Dose of IMU-131 in combination with chemotherapy in HER-2/neu overexpressing ACS to carry into the Phase II dose-expansion study. The Phase II component is presently ongoing. Phase II will be designed to further characterize the safety and to explore clinical activity of IMU-131 in combination with chemotherapy in HER-2/neu overexpressing ACS. The Phase II study is a randomized, open-label comparison of IMU-131 plus standard of care chemotherapy versus standard of care chemotherapy alone.

### Mechanisms of resistance to HER-2-targeted therapy {#S0022}

Cross-talk and compensatory signaling networks limit the activity of most targeted therapies, including HER-2-targeted agents. Multiple mechanisms of trastuzumab resistance have been proposed by Peake and Nahta \[[@B114]\]. The mechanisms through which trastuzumab blocks tumor growth include reduced downstream signaling, inhibition of angiogenesis and increased immune activity, primarily ADCC \[[@B115]\]. Other proposed mechanisms include Inhibition of homo- or hetero-dimerization, receptor downregulation through endocytosis, upregulation of HER-2 downstream signaling pathway. Signaling through an alternate receptor pathway, and failure to trigger immune-mediated mechanisms to destroy tumor cells.

The signaling networks consisting of IGF-1R, EGFR/HER-1, HER-2 and HER-3 play major roles in trastuzumab resistance \[[@B116]\]. Recent evidence also suggests that HER-3 also plays a central role and contributes to escape from therapeutic suppression by several tyrosine kinase inhibitors in breast cancer \[[@B2],[@B122],[@B123]\]. HER-3 has also been shown to be involved in acquired resistance to HER-2-targeted therapies and other inhibitors that directly or indirectly antagonize PI3K signaling \[[@B124],[@B125]\]. Trastuzumab has been shown to be mediated by increased HER-3 signaling in part due to heterodimerization of HER-2 and HER-3 that is critical for the growth and progression of HER-2-positive breast cancers \[[@B2],[@B122],[@B123],[@B126],[@B127]\], or HER-2 and IG-1R and in part through the formation of heterotrimers involving HER-2, HER-3 and IGF-1R \[[@B117]\]. Increased expression of IGF-1R also reduces the growth inhibitory activity of trastuzumab \[[@B119]\]. The formation of a unique receptor complex containing IGF-1R and HER-2 in resistant cells facilitates cross-talk from IGF-1R to HER-2, resulting in sustained HER-2 phosphorylation in resistant cells \[[@B117],[@B121],[@B128]\].

Therapeutic strategies that target single molecular pathways eventually succumb to problems of intrinsic or acquired resistance due to extensive signaling 'cross-talk.' Targeting two or more receptors have the potentials to inhibit cross-talk and development of resistance that occurs in single treatment. For these reasons, we have targeted multiple signaling pathways that can offer hope, circumvent resistance mechanisms, provide synergy and enhance tumor effects. The combination of different vaccine and therapeutic strategies to target specific molecular pathways that are dysregulated in tumors may create clinical breakthroughs for safe and efficacious cancer cures.

The EGF receptors (HER-1, HER-2, HER-3 and HER-4), VEGF receptor (VEGFR) \[[@B58],[@B129],[@B130]\] and IGF receptor-1 (IGF-1R) \[[@B131],[@B132]\] are members among RTKs. A plethora of FDA-approved agents targeted against RTK signaling pathways \[[@B19]\] are directed against HER-2 (trastuzumab, pertuzumab, lapatinib, Kadcyla \[T-DM1\] and Fam-trastuzumab deruxtecan-nxki), EGFR (cetuximab, gefitinib, erlotonib) or VEGF (bevacizumab, sunitinib). These agents have markedly improved survival but demonstrate significant toxicities \[[@B22]\].

We have developed novel approaches such as active immunization against RTKs that offer an alternative and effective treatment options (reviewed by Kaumaya \[[@B2]\]). The strategies focus on the design of chimeric B- & T-cell novel vaccines to HER-2 \[[@B71]\], VEGF \[[@B100]\], EGFR/HER-1 \[[@B133]\], HER-3 \[[@B134]\] and IGF-1R \[[@B123],[@B134]\] specifically aimed at eliciting specific high affinity antibodies (B cell). Recently, we have also developed novel VEGF strategies and combination HER-2/VEGF \[[@B135],[@B136]\]. We have identified crucial peptides that target *HER-1, HER-2, HER-3 and IGF-1R*; these peptides effectively reduce tumor growth in xenograft models of cancer. We have identified and validated the most effective combinations of EGFR (HER-1), HER-2, HER-3 and IGF-1R peptide vaccines/mimics to selectively inhibit multiple signaling pathways in rigorous *in vitro* studies.

Having established a portfolio ([Figure 5](#F5){ref-type="fig"}) of validated peptide epitopes as either vaccine candidates or peptide mimics, we have initiated a series of combination therapies to determine *in vitro* antitumor effects prior to verifying their efficacy *in vivo* in animal models. Ultimately, our goal was to identify the most biologically effective combinations of EGFR (HER-1), HER-2, HER-3 and/or IGF-1R peptide vaccines to selectively inhibit multiple receptors and signaling pathways to overcome the extensive receptor cross-talk that drives the biology and resistance of HER-overexpressing cancers. Optimal combinations of anti-HER-2 agents delivered with anyone of the following other growth factors such as HER-1, HER-3, VEGF and IGF-1R may provide the best therapy for breast cancers and other solid tumors including pancreatic, colon, gastrointestinal stromal tumor (GIST) and lung. This strategy holds the promise of achieving durable cures for multiple types of cancers that can be translated to human clinical trials.

![Peptide B-cell vaccine portfolio.](fon-16-1767-g5){#F5}

![Immuno-oncology and B-cell vaccine landscape.](fon-16-1767-g6){#F6}

Combination immunotherapies to overcome resistance to targeted therapies {#S0023}
========================================================================

We have demonstrated that combination therapies with HER-2 and IGF-1R or HER-2 and HER-3 (BT-474 and JIMT-1) and HER-1 and IGF-1R (TNBC, MDA-MB-231) exhibit enhanced antitumor responses in breast cancer cell lines \[[@B134],[@B137]\]:

HER-2 & IGF-1R in breast cancer {#S0024}
-------------------------------

Resistance toward anti-HER-2 antibodies trastuzumab has been shown to be mediated by increased IGF-1R signaling \[[@B138],[@B139]\]. Combination treatment with α-HER-2-(597--626) and α-IGF-1R-(56--81) peptide antibodies in trastuzumab-resistant (JIMT-1) and trastuzumab-sensitive (BT-474) human breast cancer cells inhibits proliferation, receptor phosphorylation and significantly induces apoptosis, ADCC and cellular invasion. These results indicate that cotargeting HER-2 and IGF-1R produce significant antitumor effects, synergistically blocks tumor growth of breast cancers and can be used to overcome trastuzumab resistance in breast cancer and points to the potential benefits of dual targeting. Cotargeting HER-2 and IGF-1R produces significant antitumor effects, and potentially overcomes trastuzumab resistance in breast cancer supporting the concept of dual targeting IGF-1R and HER-2 in this setting. Additionally, we also recently showed that combining the IGF-1R-56-81 peptide antibody with HER-2 mAb trastuzumab suppresses invasion and induces ADCC in JIMT-1 trastuzumab-resistant breast cancer cells \[[@B123]\], further supporting our dual strategy.

HER-2 & HER-3 in breast cancer {#S0025}
------------------------------

Dual-specific antibodies against HER-2:HER-3 or EGFR:HER-3 heterodimers are being evaluated \[[@B140],[@B141]\], but none have yet been found to be useful. Our results show that combination treatment with HER-2 and HER-3 peptide vaccine antibodies in two different cell lines BT-474 breast cancer cell line and JIMT-1 a trastuzumab-resistant cell line caused an increased rate of inhibition of proliferation versus single treatments. Phosphorylated levels of HER-2 and HER-3 following combined treatment with both HER-2 and HER-3 peptide antibodies caused enhanced inhibition of phosphorylation as compared with individual treatment. Significant inhibition was achieved in the BT-474 breast cancer cell that has high HER-2 and HER-3 overexpression. Overall, the results point to the potential benefits of a combination approach targeting HER-3 and HER-2 in breast, pancreatic and colon cancers. Combination treatment with α-HER-2 and α-HER-3 peptide vaccine antibodies on cancer cell induced apoptosis and caused ADCC.

### HER-1 & HER-2 in colon cancer {#S0026}

Human colorectal cancer (CRC) is one of the most common malignancies and remains largely incurable. HER-1 and HER-2 are highly implicated in CRCs \[[@B142],[@B143]\], and cetuximab, a blocking anti-EGFR mAb, is effective in combination with chemotherapy or as single agent for the treatment of patients with *KRAS* wild-type metastatic CRC \[[@B144],[@B145]\]. After an initial response, secondary resistance invariably ensues, thereby limiting the clinical benefit of this drug \[[@B146]\], leading to treatment failure. Combination treatment with anti-HER-1-418 and anti-HER-2-266 peptide vaccine antibodies in Caco-2 cells inhibited cell proliferation, inhibited receptor phosphorylation more than treatment with single-peptide antibody alone, and mediated ADCC using HT-29 colon cancer. Finally, we showed that HER-1 and HER-2 peptide antibodies were capable of inducing apoptosis in Caco-2 cells via a caspase activation assay, inhibited cell proliferation more than single treatment, corroborating our results obtained with the peptide antibodies

HER-1 in combination with HER-3 or IGF-1R human pancreatic cancer {#S0027}
-----------------------------------------------------------------

An estimated 57,600 new cases of pancreatic cancer (PC) are expected to occur in the USA during 2020 with an estimated 47,050 deaths (American Cancer Society) \[[@B147]\]. Several studies demonstrate that HER-1 overexpression correlates with poor prognosis and increased metastasis of PCs \[[@B148]\]. Several recent studies also show that HER-3 is frequently upregulated in cancers with HER-1 (EGFR) overexpression. It is clear that innovative approaches are needed for the prevention and treatment of PC \[[@B149]\]. IGF-1R has also been implicated in the growth and development of multiple tumor types \[[@B150]\] and is expressed in 50--60% of PCs \[[@B151],[@B152]\]. The IGF-1R:IGF-1 pathway is implicated in the development of resistance to anticancer drugs \[[@B131],[@B153]\] as well as in PC \[[@B154]\]. HER-1 is implicated in aggressive PCs with poor patient outcome \[[@B155],[@B156]\] and decrease overall survival \[[@B157]\]. Increased expression of IGF-1R increases expression of HER-1 and results in the formation of IGF-1R/HER-1 dimers \[[@B160],[@B161]\]. There is considerable evidence of cross-talk between *HER-1 and IGF-1R* in PC cells \[[@B162]\]. In this aim, we will test the hypothesis that either combined inhibition of HER-1 and HER-3 or HER-1 and IGF-1R will enhance the inhibition of tumor growth in xenograft models of *PCs*.

### HER-1 & IGF-1R {#S0028}

Combination treatment with HER-1-418 and IGF-1R-56 peptide antibodies in BxPC-3 pancreatic cells inhibited proliferation, receptor phosphorylation and significantly induced apoptosis, ADCC and cellular invasion. Previous studies in our laboratory established the HER-1-418 epitope as a novel inhibitor of HER-1-dependent signaling *in vitro* and *in vivo* \[[@B163]\]. These results indicate that cotargeting HER-1 and IGF-1R produces significant antitumor effects and is a promising approach for inhibiting PCs.

### HER-1-418 & HER-3-461 {#S0029}

Combination HER-3-461 + HER-1-418 peptide antibodies caused significant inhibition of proliferation in BxPC3 PC cells and decreased receptor phosphorylation, significantly delayed tumor growth in mice challenged with BxPC3 cells demonstrated synergistic antitumor effects and significantly induced apoptosis and ADCC. Significant apoptosis was observed with HER-3 peptide mimics in BxPC-3 cells; the peptide constructs HER-3 (461--479). These data provide strong rationale for cotargeting HER-1 and HER-3 in PCs.

### The potential of B-cell peptide cancer vaccines {#S0030}

Taken together, the work summarized here strongly highlights the potential of B cells for vaccine immunotherapy and their applicability in a clinical setting. In a recent article, Wennhold *et al.* \[[@B164]\] surmised that it can be expected that the near future will see the first clinical trials of B-cell-based cancer vaccines. Wennhold *et al.* concluded that these trials will show if B cells deserve a place in the oncologist's toolbox. We can argue that our work over the past three decades and translation of two HER-2 B-cell vaccine in a Phase I clinical trial in 2009 \[[@B108]\] and 2019 \[[@B165]\] is testament to the viability of B-cell cancer vaccines in our armamentarium of IO landscape.

The promise of IO: development of a novel PD-1 vaccine {#S0031}
======================================================

Therapeutic blockade of the signaling axis between PD-1 and its ligand PD-L1 with mAbs such as pembrolizumab (Keytruda) and nivolumab (Optivo^®^) has shown remarkable clinical success in some cancer patients \[[@B166],[@B167]\]. Such monotherapies have demonstrated impressive activity across a broad set of cancer subtypes, even at advanced and metastatic stages of disease \[[@B168]\]. However, 70--80% of patients receiving anti-PD-1 therapy, such as Keytruda and Optivo, remain resistant to this therapy and will not respond or will relapse, leaving a substantial unmet medical need \[[@B174]\]. PD-1/PD-L1-targeted mAbs are now the standard of care for 16 different types of cancer and tissue-agnostic indication. Since the first PD-1/PD-L1 trial landscape survey conducted in September 2017, 23 additional approvals have been granted to PD-1/PD-L1 mAbs by the FDA, and four new PD-1 mAbs have reached the market, bringing the total on the global market to nine \[[@B1]\].

Thus, it is clear that there is significant need to develop novel immune-based therapies that have the potential to circumvent mechanisms of resistance to achieve long-term control without causing toxicities associated with combination regimens. We have shown that vaccines to HER-2 can overcome many of the obstacles associated with mAb therapies. We therefore set out to develop a vaccine for PD-1 and combine it with our HER-2 vaccine. We have created and established the development of a novel B-cell peptide vaccine (PD1-Vaxx) with high immunogenicity that binds to human PD-1 and produces tumor inhibition *in vivo* in two animal models of colon cancer. The antitumor activity and toxicity profile was investigated in mice and beagles.

We designed several PD-1 vaccine B-cell epitopes using peptide mapping, predictive antigenicity algorithms and rational design based on 3D structure of PD-1/PD-L1 and PD-1/nivolumab/pembrolizumab. The vaccine was engineered into a B-cell chimeric vaccine based on the ectodomain of PD-1 linked to a 'promiscuous' T-helper cell MVF. The specificity of the selected PD-1 peptides to PD-L1 and nivolumab was demonstrated by surface plasmon resonance spectroscopy. The immunogenicity of the various individual peptide epitopes was then established in rabbits and Balb/c mice-eliciting antibodies that recognized the immunogenic sequences and the recombinant human PD-1. The transferable human colorectal CT-26 tumor model in syngeneic Balb/c mice was used to evaluate the effects of vaccination treatments with the four PD-1 MVF-peptide chimeras as inhibitors on the growth of CT-26 tumor cells. Only the 92--110 epitope (PD1-Vaxx) significantly reduced tumor growth compared with treatment with a mouse surrogate antagonist antibody anti-PD-1 mAb (29F.1A12).

Imugene presented the PD1-Vaxx Clinical Plan at the American Association for Cancer Research 2020 Annual Meeting scheduled for 27th--28th April 2020: VPO.CT01 -- Phase I clinical trials from 9.00 am Eastern Daylight Time, USA, on Monday, 27th April. The abstract presentation is entitled 'IMU-201-101 an open-label, multicenter, dose escalation/expansion, Phase I study of IMU-201 (PD1-Vaxx), a B-cell immunotherapy, in adults with NSCLC,' and was authored by Professor P Kaumaya at the Ohio State University, Ohio, USA; Professor T Bekaii-Saab at the Mayo Clinic, Arizona, USA; Dr T Phan, at St Vincent's Clinical School, UNSW, AUS, Dr M Marino, Dr N Ede & Dr A Good from Imugene Ltd.

The first-in-human, Phase I, multicenter, dose escalation study of PD1-Vaxx, is targeting patients with NSCLC and will be testing different doses of PD1-Vaxx as monotherapy and in combination with immune checkpoint inhibitors. The primary objective of the Phase I trial is to determine safety and an optimal biological dose as monotherapy and in combination with immune checkpoint inhibitors. Efficacy, tolerability and immune response will also be measured.

Combination IO vaccine strategies {#S0032}
---------------------------------

Combinations of checkpoint-blocking antibodies are more efficacious than single inhibitors, but also cause greater immune-related toxicities \[[@B174]\]. A large body of data are evolving on the combinations of immune checkpoint inhibitors \[[@B175]\] with chemotherapy, radiotherapy or targeted therapies \[[@B176]\]. The emerging hypothesis is to move from pragmatic therapeutic combinations to one of rational design, based on the compatibility of mechanisms that can act synergistically. We then set out to combine the PD1-Vaxx with our B-Vaxx (combo HER-2) to examine whether we can obtain higher efficacy in syngeneic Balb/c model. In another colon carcinoma Balb/c model challenged with CT26/HER-2 cell line, PD1-Vaxx outperformed the industry-standard mouse anti-PD-1 antibody in a mouse model of HER-2-positive CRC. Combined triple vaccination (PD1-Vaxx and B-Vaxx) was more effective in the CT-26/HER-2 carcinoma cell line in syngeneic Balb/c that exhibited superior activity compared with the positive gold control antimouse PD-1 (CD279) mAb.

The preliminary results of the development of the PD-1 vaccine was presented at the 2019 AACR meeting (Atlanta) in Proceedings of the American Association for Cancer Research Annual Meeting 2019, March 29--April 3, Atlanta GA. Philadelphia (PA): AACR: Cancer Res 2019: 79 (13 Suppl): Abstract\#1453; and also at the 2019 ESMO meeting (Barcelona) Annals Of Oncology (2019) 30 (Suppl_5): V475--V532. 10.1093/Annonc/Mdz253. As far as I know these results are the first combination of B-cell epitope peptide vaccine (HER-2) therapy with a vaccine developed for immune checkpoint inhibitor (PD-1) that acted synergistically to induce antitumor immune responses.

Future IO landscape {#S0033}
-------------------

There is a need to develop novel vaccination strategies, using them in combination with targeted therapies or other immunotherapeutic agents, such as checkpoint inhibitors, in order to address tumor-induced immunosuppression \[[@B177]\]. The recent developments in IO have opened an unprecedented avenue for the emergence of vaccine strategies. Several other checkpoint molecules are under investigation, such as TIM-3 and LAG-3. TIM-3, as a checkpoint inhibitor, suppresses effector T-cell activation, whereas LAG-3 acts by binding to MHC molecules and also inhibits T-cell activation and proliferation \[[@B178],[@B179]\]. LAG-3 is coexpressed with PD-1 on T cells, making it a suitable candidate for a combinatorial approach with anti-PD-1 agents. Antibodies against TIM-3 and LAG-3 are under clinical investigation showing encouraging efficacy. We are presently pursuing developing vaccines for TIM3 and LAG 3 that is being used in combination with PD1-Vaxx ([Figure 6](#F6){ref-type="fig"}). In conclusion, the IO landscape is rapidly evolving and current enthusiasm will only surge in coming years with emerging novel approaches ([Figure 7](#F7){ref-type="fig"}) that exhibit increased clinical efficacy, unique survival benefits and safety profiles with potential synergistic effects.

![Future immuno-oncology landscape: evolving approach to combination cancer therapy.](fon-16-1767-g7){#F7}

###### Executive summary

-   Peptide-based vaccines have been used in the past with a limited clinical success. However, during the last few years, new knowledge has been provided on the biological characteristics of the peptides and their interaction with the immune system to be used in the clinic.

-   The role of B-cell humoral immunity in cancer is under appreciated and underdeveloped.

-   Cancer vaccines based on B-cell peptides are generally composed of an adjuvant and an immunogenic protein containing a B-cell epitope peptide that can induce B cells to create polyclonal antibodies.

-   Developed novel approaches such as active immunization against receptor tyrosine kinases that offer an alternative and effective treatment options.

-   The idea of active immunotherapy with chimeric B-cell epitope peptides incorporating a 'promiscuous' T-cell epitope that elicits a polyclonal antibody response provides safe, cost-effective therapeutic advantage over monoclonal antibodies.

-   B-Vaxx peptides were engineered to mimic conformational epitopes on the basis of those defined by the 3D structures of HER-2/pertuzumab and HER-2/trastuzumab complexes.

-   It is anticipated that combination therapy strategies will be the way forward for immunotherapy in breast cancer, with an improved understanding of tumor, microenvironment and host factors informing treatment combination decisions.

-   Current enthusiasm about cancer immunotherapy stems from the success of checkpoint inhibitor blockade with antibodies specific for CTL-4 or PD-1. However, 70--80% patients receiving anti-PD-1 therapy remain resistant to this therapy and will not respond or will relapse, leaving a substantial unmet medical need.

-   More than 3000 clinical trials are evaluating the clinical activity of the PD-1 checkpoint inhibitors as monotherapies and in combinations with other cancer therapies developed and implemented an effective novel PD-1 vaccine that when combined with our HER-2 vaccine acts synergistically to enhance immune mediated tumor killing in a syngeneic model.

-   Thus, it is clear that there is significant need to develop novel immune-based therapies that have the potential to circumvent mechanisms of resistance to achieve long-term control without causing toxicities associated with combination regimens.

-   There is a need to develop novel vaccination strategies, using them in combination with targeted therapies or other immunotherapeutic agents, such as checkpoint inhibitors, in order to address tumor-induced immunosuppression.

-   Combinations of checkpoint-blocking antibodies are more efficacious than single inhibitors, but also cause greater immune-related toxicities.

-   The emerging hypothesis is to move from pragmatic therapeutic combinations to one of rational design, based on the compatibility of mechanisms that can act synergistically.

-   Combine the PD1-Vaxx with our B-Vaxx (combo HER-2) to examine whether we can obtain higher efficacy in syngeneic Balb/c model. In another colon carcinoma Balb/c model challenged with CT-26/HER-2 cell line.

-   PD1-Vaxx outperformed the industry-standard mouse anti-PD-1 antibody in a mouse model of HER-2-positive colorectal cancer. Combined triple vaccination (PD1-Vaxx and B-Vaxx) was more effective in the CT-26/HER-2 carcinoma cell line in syngeneic Balb/c, which exhibited superior activity compared with the positive gold control antimouse PD-1 (CD279) monoclonal antibody.
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